Introduction
In device structures fabricated out of III-nitrides (alloys of AlN, GaN and InN) the structural quality of both the semiconductor materials themselves and the heterointerfaces between them often limit significantly the output due to the unfortunate aspect of having lattice constants that differ considerably one from another. In addition to extended defects such as stacking faults or dislocations, point defects have a significant impact on the electrical and optical properties of the nitride semiconductor materials. Positron annihilation spectroscopy is a method that is particularly well suited for studying vacancy defects in semiconductors. During the past decade it has been applied in numerous studies where the identities, concentrations and characteristics of both in-grown and processing-induced vacancy defects in nitride semiconductors have been determined, see e.g. [1] [2] [3] [4] [5] [6] [7] [8] and the references therein.
In this work we apply positron annihilation spectroscopy to study InGaN light emitting device (LED) structures (wavelengths 400 -500 nm), as well as InGaN and AlGaN materials with different In and Al contents, respectively. We interpret the data based on earlier results [6] [7] [8] [9] [10] [11] obtained in GaN, InN, and AlN and the cation (group III) vacancies in these materials.
Experimental details
The positron annihilation characteristics were measured in thin epitaxial films and device structures by using a mono-energetic continuous positron beam. As lifetime experiments are not possible with a The Doppler broadening can be experimentally measured using a Ge gamma ray detector with a good energy resolution. The typical resolution of a detector is around 1-1.5 keV at 500 keV. This is considerable compared to the total width of 2-3 keV of the annihilation peak meaning that the experimental lineshape is strongly influenced by the detector resolution. Therefore, various shape parameters are used to characterize the 511 keV line. The low electron-momentum parameter S is defined as the ratio of the counts in the central region (typically p L < 0.4 a.u.) of the annihilation line to the total number of the counts in the line. In the same way, the high electron-momentum parameter W is the fraction of the counts in the wing regions of the line (typically p L > 1.5 a.u.). Due to their low momenta, mainly valence electrons contribute to the region of the S parameter. On the other hand, only core electrons have momentum values high enough to contribute to the W parameter. Therefore, S and W are sometimes called the valence and core annihilation parameters, respectively.
The high-momentum part of the Doppler broadening spectrum arises from annihilations with core electrons that contain information on the chemical identity of the atoms. Thus the detailed investigation of core electron annihilation can reveal the nature of the atoms in the regions where positrons annihilate. In order to study the high-momentum part in detail, the experimental background needs to be reduced. A second gamma ray detector can be placed opposite to the Ge detector and the only events that are accepted are those for which both 511 keV photons are detected [12, 13] . Depending on the type of the second detector, electron momenta even up to p ≈ 8 a. The nitride thin films and device structures studied in this work were grown by metal-organic vapor phase epitaxy (MOVPE) directly on sapphire substrates. For further details about the growth procedures, see Refs. [14] [15] [16] . We studied In x Ga 1-x N and Al x Ga 1-x N alloys with In and Al contents ranging from up to 22 % and 25 %, respectively. The device structures were realistic LED structures corresponding to wavelengths in the 400-500 nm, with In content varying from 5 % to 15 % in the quantum wells (QWs) in the active area consisting of a multi-quantum-well system of 10 well-barrier pairs. The schematic of the LED structures is shown in Fig. 1 . The characteristic S parameters of InN and AlN, determined from well-defined reference samples [6, 11] are significantly higher than that of GaN. However, as can be seen in figure 3a , the reason for the increase in Al x Ga 1-x N layers is enhanced annihilation in group III vacancies. On the other hand, the increase in the S parameter far away from the interface in the In x Ga 1-x N layers is quite close to what one would expect if the S parameter is assumed to be given by a linear combination of the S parameters of InN and GaN with the fractions given directly by the In content. The strong increase in the S parameter toward the layer/sapphire interface is due to enhanced trapping at group III vacancies abundant near the interface, as can be seen in figure 3b , and not due to an inhomogeneous In distribution. A similar effect can be observed in epitaxial vapor-phase GaN grown directly on sapphire [17, 18] . Hence it would seem that there is no preference for positrons to annihilate in either locally Inrich or In-poor regions in the lattice. Interestingly, in recent state-of-the-art first principles calculations [19] , it is shown that in polar nitride superlattices positrons always prefer to annihilate in pure GaN instead of areas with In or Al, while the situation is less clear in non-polar structures, even if the positron affinity is the lowest for GaN (compared to InN and AlN).
LED structures
In addition to the bandgap modulation that is essential for the electronic device, the use of different nitrides creates electric fields in the structure induced by spontaneous polarization due the noninversionsymmetric wurtzite structure of the materials [20] [21] [22] . These electric fields are bound to affect the positron localization in a similar manner as the electron and hole localization. Indeed, recent theoretical calculations show that in a polar structure the positron localize at the well-barrier interface in a nitride heterostructure [19] . Figure 4 shows a schematic representation of the situation. In more detail, the positron doesn't actually localize exactly at the interface, but on the GaN side in such a way that more than 90 % of the positron density is in the GaN layer and less than ten 10 % in the In-or Alcontaining layer. Further, the positron affinity is favorable in GaN (compared to InN and AlN) and hence even in non-polar structures, where the polarization-induced electric field is missing, positrons localize in the GaN layer (but the distribution is wider and centered at the center of the layer, not near an interface). GaN on which the LED structure is grown, as the S parameter increases at higher positron implantations energies. Finally, it is important to note that the above interpretations of the experimental data concerning the preference of positrons to annihilate in pure GaN or In-and Al-rich regions hold only when the crystal lattice is otherwise intact. When group III-vacancy defects are present, the sensitivity to the immediate surrounding of the positron annihilation site is lost, as the positron "feels" predominantly the nitrogen atoms immediately neighbouring the vacancy. In fact, the above-mentioned theoretical calculations also show that the preference of GaN over AlN and InN is lost when group III vacancies are introduced in the lattice, irrespective of the location of the vacancy (in any of the nitrides or at the interface), and the positrons localize at the vacancy.
Summary
In summary., we have applied positron annihilation spectroscopy to study 400 -500 nm InGaN-based LED structures, as well as InGaN and AlGaN materials with varying In and Al contents. We find that the effect of adding In to GaN on the annihilation parameters is close to that what one could expect from Vegard's law, while in the case of AlGaN the effect of Al is completely screened by efficient formation of cation vacancies. The results obtained in the InGaN LED structures are indistinguishable from defect-free GaN, suggesting that the positrons annihilate preferentially in the barriers of the MQW system, in good agreement with recent theoretical predictions.
